Glomeruli, the initial sites of synaptic processing in the olfactory system, contain at least three types of neurons collectively referred to as juxtaglomerular (JG) neurons. The role of JG neurons in odor processing is poorly understood. We investigated the morphology, spontaneous, and sensory-evoked activity of one class of JG neurons, external tufted (ET) cells, using whole-cell patch-clamp and extracellular recordings in rat olfactory bulb slices. ET cells have extensive dendrites that ramify within a single glomerulus or, rarely, in two adjacent glomeruli. All ET neurons exhibit spontaneous rhythmic bursts of action potentials (ϳ1-8 bursts/sec). Bursting is intrinsically generated; bursting persisted and became more regular in the presence of ionotropic glutamate and GABA receptor antagonists. Burst frequency is voltage dependent; frequency increased at membrane potentials depolarized relative to rest and decreased during membrane potential hyperpolarization. Spontaneous bursting persisted in blockers of calcium channels that eliminated low-threshold calcium spikes (LTS) in ET cells. ET cells have a persistent sodium current available at membrane potentials that generate spontaneous bursting. Internal perfusion with a fast sodium channel blocker eliminated spontaneous bursting but did not block the LTS. These results suggest that persistent sodium channels are essential for spontaneous burst generation in ET cells. ET cell bursts were entrained to ON stimuli delivered over the range of theta frequencies. Thus, ET cells appear to be tuned to the frequency of sniffing.
Introduction
In mammals, olfactory nerve (ON) axons arising from olfactory receptor neurons expressing the same odorant receptor converge onto one or few glomeruli in each main olfactory bulb. Each glomerulus therefore represents the odorant specificity of the receptor expressed by the uniform population of olfactory receptor neurons that innervate it. Accordingly, each glomerulus is a functional unit for processing sensory input. Consistent with this, imaging studies have shown that individual odorants elicit specific spatial patterns of glomerular activity, and different odorants activate different patterns of glomeruli (Jourdan et al., 1980; Cinelli et al., 1995; Johnson and Leon, 2000a,b; Belluscio and Katz, 2001) .
The glomeruli are the initial site of synaptic integration in the olfactory pathway. Within a glomerulus, ON axons synapse with the apical dendrites of mitral-tufted cells and with an extensive population of neurons intrinsic to the glomerular layer, the juxtaglomerular (JG) neurons. It is estimated that ϳ25 mitral cells send a dendrite to each glomerulus; in contrast, there are as many as 1500 -2000 JG neurons per glomerulus (Shipley et al., 1996) . Despite their large number and strategic location, the functional roles of JG cells in olfactory processing are poorly understood.
Olfactory information is thought to be encoded, at least in part, by oscillating or bursting neural assemblies (Wehr and Laurent, 1996; Kauer, 1998; Kay and Laurent, 1999; Laurent, 2002) . Previous intracellular recordings in vivo indicated that ON and odor stimulation produced bursts of action potentials in some JG cells (Getchell and Shepherd, 1975; Wellis and Scott, 1990) . Moreover, in vitro whole-cell recordings indicate that some JG cells generate low-threshold spike bursts in response to depolarizing currents (McQuiston and Katz, 2001 ), but it has not been established whether any JG neuronal subtypes generate bursts spontaneously (i.e., without stimulation or current injection).
On the basis of preliminary experiments, external tufted (ET) cells appeared to spontaneously generate rhythmical bursts of action potentials . Therefore, the goals of the present study were to characterize the physiological properties of morphologically confirmed ET cells in rat olfactory bulb slices, determine whether these cells intrinsically generate spontaneous bursting activity, and investigate the mechanism of spontaneous burst generation. Portions of this work have been published in abstract form ).
Materials and Methods
Sprague Dawley rats (21-29 d of age) of either gender were anesthetized with chloral hydrate and decapitated in accordance with Institutional 5-10 min in each recording condition. The cross-correlograms were normalized by dividing the counts in each bin by a coefficient ( N), which is the number of events expected by chance during one bin:
where F is the mean frequency of spikes (Hertz), P is the sampling period (in seconds) used for analysis, and B is the duration of one bin (in seconds).
Data expressed as mean Ϯ SEM were statistically analyzed using Origin 7.0 software with paired t tests unless otherwise stated.
Results
Whole-cell patch-clamp and extracellular recordings were obtained from anatomically identified JG neurons. Patch-clamped cells were filled with Lucifer yellow for on-line visualization and biocytin for post hoc morphological reconstruction and analysis. JG cells were classified as ET, short axon (SA), or periglomerular (PG) cells. In the course of these experiments, it became clear that ET cells were readily distinguishable from other JG cell types not only by their distinctive morphology but also by their unique physiological properties. The properties of ET cells were investigated in further detail.
Morphology of external tufted cells
Tufted cells of the main olfactory bulb have been classified into three categories according to localization of their cell bodies: deep, middle, and external (Pinching and Powell, 1971a; Macrides and Schneider, 1982) . Tufted cells with somata localized within the glomerular layer (GL) or at the GL-external plexiform layer (EPL) border are defined as ET cells (Figs. 1, 2 A) . Morphological data were obtained from 65 anatomically identified ET cells. ET cell bodies are located predominantly in the deeper half of the glomeruli. The vast majority (61 of 65; ϳ94%) have a single thick apical dendrite ramifying as a distinctive tuft within a single glomerulus. Only 4 of 65 (ϳ6%) ET cells were "bitufted" with two tufts, ramifying in adjacent glomeruli.
Morphological parameters were quantified for 27 of 65 randomly selected ET cells. ET cells have a relatively large (area, 87.9 Ϯ 7.8 m 2 ) pear-shaped cell body. The length of the primary shaft (defined as the distance from the soma to the first branch within a glomerulus) varied from 1 to 68 m (27.4 Ϯ 3.3 m). In agreement with a recent study (McQuiston and Katz, 2001) , most ET cells (71%) lacked visible spines; in the remaining 29%, dendritic spines were present but sparsely (15.2 Ϯ 3 spines/ cell; range, 4 -38) (Fig. 1G) . ET cells have the most extensive intraglomerular dendritic ramification of all JG cell types. The ET cell apical tuft occupied on average 79.1 Ϯ 5.1% (range, 20 -100%) of the area of a glomerulus in two-dimensional reconstruction (Fig. 1) . This is ϳ300% greater than the average area of the PG cells sampled (24.9 Ϯ 0.1%; n ϭ 32) and 27% greater than the mean dendritic area of mitral cells (61.7 Ϯ 7.5%; n ϭ 11) (our unpublished observations).
Secondary dendrites were present in 37% (10 of 27) of ET cells. These dendrites extended to the EPL in one-half (5 of 10) of this subset of ET cells; for the remainder, the dendrites were truncated within the GL at a short distance from the soma (1-20 m; 4 of 10 cells) or the dendrite ramified within the GL (1 of 10 cells). Axons were visible in 63% (17 of 27) of the filled ET cells analyzed. In 71% (12 of 17) of these cells, the axon coursed into the superficial EPL, and in 16% (2 of 12 cells) coursed into the granule cell layer. In the remaining cells (5 of 17), the axon was truncated within the GL but coursed toward the EPL. Because long processes were often truncated in the slice, ET cell secondary dendrites and axons were not analyzed quantitatively.
External tufted cells burst rhythmically
ET cells were initially recorded in wholecell current clamp-configuration and filled with biocytin, so that their electrophysiological properties could be correlated with their morphology. ET cells had a resting membrane potential of Ϫ52.9 Ϯ 1.0 mV and an input resistance of 194 Ϯ 32 M⍀ (n ϭ 12). The most conspicuous physiological characteristic of all morphologically confirmed ET cells is that they spontaneously generate rhythmical bursts of action potentials superimposed during a slow depolarizing envelope (Fig. 2 A) . The spontaneous burst frequency of ET cells measured within the first 2 min of wholecell recording (see below) ranged from 0.5 to 6.5 bursts/sec with a mean frequency of 2.7 Ϯ 0.4 bursts/sec (n ϭ 26). Bursts consisted of two or more action potentials riding on a distinct slow (101 Ϯ 7.6 msec in duration; n ϭ 26) depolarizing envelope averaging 6.3 Ϯ 0.4 mV in amplitude. The average membrane potential from which spikes were launched was Ϫ46.5 Ϯ 0.8 mV (n ϭ 22).
No other JG neuron types exhibited this spontaneous bursting behavior. The morphological and physiological characteristics of PG (n ϭ 30) and SA cells (n ϭ 11) were distinct from ET cells (Fig. 2 B) . PG cells have a relatively small soma (mean, 47 Ϯ 10 m 2 ). They have either one to three relatively thick primary dendritic shafts that give rise to thinner branches ramifying within a single glomerulus or several very thin dendrites that ramify close to the soma. Spines were present on 60% of PG cells. PG cells had resting membrane potentials ranging from Ϫ69 to Ϫ62 mV (Ϫ65 Ϯ 2 mV; n ϭ 48). The input resistance of PG cells (567 Ϯ 91 M⍀; n ϭ 12) was significantly higher than that of ET neurons ( p Ͻ 0.01; unpaired t test). PG cells also had very different spontaneous (Fig. 2 B) and current-induced activity from ET cells. They seldom generated spontaneous action potentials at rest. Positive current injection induced single action potentials; further depolarization caused regular firing and eventually spike inactivation (Fig. 2B) . Current injections did not evoke slow depolarizations similar to those in ET cells, suggesting that PG cells lack the intrinsic capacity to generate rhythmic bursting. However, PG cells were characterized by spontaneous rhythmic bursts of EPSPs-EPSCs that could trigger one or a few spikes (Fig. 2B ). SA cells (n ϭ 11) had relatively thin axons (Ͻ0.5 m diameter) that ramified up to 850 m exclusively within the GL. SA cell bodies averaged 89.7 Ϯ 16.0 m 2 , and they had three to five (3.2 Ϯ 0.3) poorly branched dendrites that contacted two to four glomeruli. Their resting membrane potentials were Ϫ62.3 Ϯ 1.3 mV, and they had mean input resistance of 642 Ϯ 114 M⍀. Like PG cells, SA cells neither exhibited spontaneous bursts of action potentials nor generated bursts of action potentials in response to depolarizing current injections. However, they did exhibit spontaneous bursts of EPSPs that occasionally gave rise to one or two action potentials.
Frequency and regularity of bursting
Because mechanical perturbation or intracellular dialysis associated with whole-cell recordings could potentially influence the spontaneous activity of ET cells, we compared the activity of six ET cells recorded initially in cell-attached mode ( Fig. 3A) with that immediately following establishment of whole-cell recording. The mean bursting frequency was stable over a ϳ5 min epoch in the cell-attached recording mode (first min, 2.2 Ϯ 0.5 bursts/sec; last min, 2.0 Ϯ 0.4 bursts/sec). The bursting frequency of the same cells was not significantly different when measured immediately (within 30 sec) after going into the whole-cell configuration (2.1 Ϯ 0.5 bursts/sec; p ϭ 0.95; one-way ANOVA). However, during maintained whole-cell recordings, ET cell bursting frequency slowly decreased and, in all cells, bursting ceased after 2-15 min (mean, 7.2 Ϯ 1.9 min) (Fig. 3A) . A single exponential analysis of the decay in bursting frequency monitored over 18 min of whole-cell recording yielded a time constant () of 2.2 min (n ϭ 6); this value is associated with a 63.2% reduction in burst frequency (Fig. 3A) . By 30 min of whole-cell recording, bursting was abolished, and large intracellular current injections (300 -500 pA) elicited single spikes but not bursting. Over this same period, the resting potential of ET cells (mean initial value, Ϫ57.8 Ϯ 0.7 mV) progressively hyperpolarized by an average 14 mV to a steady-state level of Ϫ72.0 Ϯ 1.9 mV, and the input resistance decreased by 56 Ϯ 5% (from 221 Ϯ 45 to 92 Ϯ 15 M⍀; n ϭ 4; p Ͻ 0.05). These findings indicate that rhythmic bursting is the intrinsic spontaneous activity state of ET cells, and that the frequency of bursting progressively declines after establishment of whole-cell recordings, probably as a result of intracellular dialysis.
Because of this "rundown" effect, the burst frequency of ET cells could have been underestimated in whole-cell recordings. To obviate this problem, we took advantage of the fact that only ET cells exhibited spontaneous bursting behavior and used extracellular or cell-attached recordings to analyze burst frequency in a large population of ET cells. For 110 cells, the frequency of bursting ranged from 0.4 to 8.8 bursts/sec with a mean of 3.3 Ϯ 0.18 bursts/sec (Fig. 3B ) compared with a mean burst frequency of 2.7 Ϯ 0.4 bursts/sec in a population of 26 ET cells recorded in whole-cell mode (see above). The median burst frequency was 3.0 (i.e., half of the ET cells have a spontaneous burst frequency slower, and half faster, than 3 bursts/sec) (Fig. 3B) . The average number of spikes/burst was 5.4 Ϯ 0.3 (range, 2-12; n ϭ 72 cells). The average interspike interval within a burst was 8.4 Ϯ 0.5 msec (range, 3.4 -18 msec; n ϭ 68 cells), corresponding to an intraburst discharge rate of ϳ117 Hz. The average duration of a spike burst (mean interval between the first and last spike in a burst) was 32 Ϯ 2.4 msec (n ϭ 71 cells; range, 5-73 msec). Thus, the average duration of a spike burst was less than the duration of the underlying membrane depolarization (101 msec; see above).
As shown below, bursting is attributable to intrinsic membrane properties of ET cells. Therefore, it is possible that the frequency of ET cell bursting is temperature dependent. To investigate this, we varied the temperature in the recording chamber (Fig. 3) . After increasing the temperature from 30 to 37°C, the burst duration decreased in all cells tested by an average of 37 Ϯ 3% (from 41 Ϯ 5 to 27 Ϯ 4 msec; n ϭ 10; p Ͻ 0.0001) (Fig. 3C) . The intraburst frequency increased in all cells by an average of 68 Ϯ 15% (from 127 Ϯ 16 to 221 Ϯ 38 Hz; n ϭ 10; p Ͻ 0.01) (Fig.  3D) , suggesting that the decrease in burst duration was not because of decreased numbers of spikes per burst. However, increasing the temperature did not consistently influence interburst frequency. Burst frequency increased in 5 of 10 cells and decreased in the remaining 5 cells (Fig. 3E ). All changes in burst characteristics associated with increased temperature were reversible after cooling back to 30°C. These results indicate that increasing the temperature to near physiological level in our in vitro conditions may slightly broaden the range of mean bursting frequencies of ET cells. However, the results suggest that in vitro recordings at 30°C do not systematically underestimate ET cell burst frequencies when measured near the physiological temperature of 37°C.
Although the mean spontaneous bursting frequency varied among ET cells, the mean bursting frequency for each cell was relatively constant. To quantify the regularity of bursting, we calculated the CV (SD divided by the mean) of the interburst intervals. The lower the CV, the more consistent the interburst intervals and the more regular the bursting; the higher the CV, A, The left panel shows recordings from the same ET cell in cell-attached mode (bottom trace; spikes truncated because of membrane filtering during gigaohm seal recording) and whole-cell configuration (top trace; 1 min after rupturing the membrane). The frequency (ϳ3 Hz) and pattern of bursting were comparable in cell-attached and whole-cell modes. The right panel shows the morphology of the same ET cell. Note the highly branched dendritic tuft that ramifies throughout a single glomerulus. Scale bar, 100 m. ONL, Olfactory nerve layer. B, Top traces, Current-clamp recordings show effects of steady hyperpolarizing or depolarizing current injection in a typical PG cell. At rest (0 pA), the cell receives spontaneous bursts of EPSCs and generates spikes infrequently, notably during bursts of EPSPs. The cell did not generate spike bursts after depolarizing or hyperpolarizing current injection. Reconstruction of the recorded cell at the left shows typical morphology of PG cell, including relatively small soma and one to three relatively thick primary dendritic shafts, which give rise to thinner branches ramifying within a subregion of a single glomerulus. Scale bar, 100 m. Bottom traces, Voltage-clamp recording (holding potential, Ϫ60 mV) shows bursts of spontaneous EPSCs in the same PG cell; region enclosed in the box is shown at faster time scale at right. Note that ET cells with an initial high bursting frequency took longer to stop bursting. The time constant () of the decay of bursting frequency was 2.2 min, which was the time at which the average bursting had decreased by 63.2% relative to the initial frequency. B, Frequency distribution of the mean bursting rate in ET cells recorded extracellularly or in cell-attached mode. C-E, The effects of increasing the temperature from 30 to 37°C were tested on 10 ET cells recorded extracellularly. Increasing the temperature consistently decreased the burst duration and consistently increased the intraburst frequency as shown in the grouped data. In contrast, raising the temperature did not produce a consistent effect on the bursting frequency. All effects were reversible. *p Ͻ 0.01; **p Ͻ 0.0001. the more variable the bursting (Christodoulou and Bugmann, 2001) . The average CV of the interburst intervals was 0.43 Ϯ 0.03 (n ϭ 72 cells; range, 0.08 -0.93). The wide range in CV (0.08 -0.93) and the wide range of bursting frequencies (0.5-8.5 bursts/ sec) across the population of ET cells sampled prompted us to ask whether bursting regularity was related to the mean frequency of bursting in individual cells? We therefore examined autocorrelations of spike bursts in 67 ET cells. Unlike the CV, which only considers intervals between consecutive bursts, autocorrelation analysis takes into account all spike time intervals up to the duration of the window of analysis. Autocorrelation analysis can thus detect the presence of regular oscillatory activity (Perkel et al., 1967) . This analysis showed that the rhythmic oscillatory bursting is most prominent in ET cells with higher spontaneous burst frequencies (Fig. 4 B, C) . The autocorrelation coefficient (measured as the amplitude of the first peak in the autocorrelograms) was positively correlated with the bursting frequency (n ϭ 67; r ϭ 0.7; p Ͻ 0.001) (Fig. 4 B) , whereas the CV was negatively correlated with the bursting frequency (n ϭ 72; r ϭ Ϫ0.7; p Ͻ 0.001) (Fig. 4 A) . Burst regularity is therefore proportional to burst frequency. As burst frequency increases, interburst interval may approach a limit set by intrinsic membrane properties and be less influenced by extrinsic sources of variability in the form of synaptic inputs. Therefore, we next tested for the influence of membrane voltage and synaptic input on ET spontaneous activity.
Bursting is an intrinsic property of ET cells
The rhythmical bursting behavior of ET cells could be attributable to intrinsic membrane properties, periodic synaptic input, or a combination of both. The finding that each ET cell has its own characteristic burst frequency suggests that burst rate is not determined primarily by rhythmic synaptic input, as this would imply that each ET cell receives input predominantly from synapses that are rhythmically "active" within a narrow frequency range. Furthermore, the finding that bursting progressively slowed and was finally eliminated by rundown suggests that the burst rate of each ET cell is primarily determined by intrinsic properties, such as voltage-gated conductances. To investigate this, we assessed the voltage dependence of bursting in currentclamp mode (Fig. 5) . In this and all subsequent whole-cell recordings, data were collected within the first 2 min after membrane rupture to minimize the impact of rundown.
As shown in Figure 5 , hyperpolarizing ET cells by negative current injection (range, Ϫ10 to Ϫ100 pA) decreased burst frequency and increased both the amplitude of the rhythmic membrane depolarizations and the number of spikes per burst (n ϭ 15 of 15 cells) (Fig. 5A ). Depolarizing the cells by positive current (20 -50 pA) had the opposite effects: it increased burst frequency and decreased both the amplitude of the membrane depolarizations and the number of spikes per burst. Further depolarization (100 pA) changed the firing pattern from a bursting to either a regular or an irregular nonrhythmic firing pattern. The relationship between bursting pattern and membrane potential was analyzed in six ET cells (Fig. 5B) . Hyperpolarization of the membrane potential from Ϫ52 to Ϫ60 mV decreased the bursting frequency from 3.9 Ϯ 0.5 to 1.2 Ϯ 0.4 bursts/sec ( p Ͻ 0.01), A, Current-clamp recordings show effects of steady current injection on bursting activity in an ET cell. Spontaneous activity at rest (0 pA) is characterized by spike bursts riding on slow depolarizing envelope. Hyperpolarizing current (Ϫ20 or Ϫ40 pA) reduced the burst frequency and increased the number of spikes per burst, whereas depolarizing current (ϩ20 pA) increased bursting frequency and decreased the number of spikes per burst. Irregular firing was produced with more positive current injection (ϩ100 pA). B, Grouped data from six cells showing the inverse relationship between the bursting frequency and the number of spikes per burst when the membrane potential was hyperpolarized from Ϫ48 to Ϫ64 mV.
whereas the amplitude of the depolarizing envelope increased from 8.2 Ϯ 1.0 to 19.5 Ϯ 1.7 mV ( p Ͻ 0.01), and the number of spikes per burst increased from 3.0 Ϯ 0.4 to 6.3 Ϯ 0.6 ( p Ͻ 0 0.01). These results show that burst frequency is proportional to membrane potential (i.e., burst rate is voltage dependent). In addition, there is an inverse relationship between the burst frequency and the number of spikes per burst. As a consequence, the average firing frequency (number of spikes per second) did not change significantly as the membrane potential was varied from Ϫ52 to Ϫ60 mV (6.9 Ϯ 0.6 vs 7.5 Ϯ 0.5 spikes/sec; p ϭ 0.4). Thus, the membrane potential determines the firing pattern (bursting frequency and number of spikes per burst) of ET cells without significantly changing the mean firing frequency.
The voltage dependence of burst frequency suggests that rhythmic bursting is attributable to intrinsic membrane properties of ET cells rather than periodic synaptic input. To further examine this, we asked whether or not blockade of synaptic transmission altered bursting behavior (Fig. 6) . In 57 neurons, recorded either extracellularly (n ϭ 53) or in whole-cell configuration (n ϭ 4), we collected baseline data on spontaneous bursting and then blocked GABA A , NMDA, and AMPA-kainate receptors by applying gabazine (10 M), APV (50 M), and CNQX (10 M). Rhythmic bursting persisted in 91% of the cells. In all four cells recorded in whole-cell mode, both the rhythmic membrane depolarizations and the associated spike bursts persisted in the presence of synaptic blockers (data not shown). Furthermore, the mean burst frequency was unchanged by the synaptic blockers in 48 of the 53 cells recorded extracellularly (range, 0.5-6.5 bursts/ sec; control, 2.9 Ϯ 0.2 bursts/sec; blockers, 2.9 Ϯ 0.2 bursts/sec; n ϭ 48; p ϭ 0.73) (Fig. 6 A) . In 5 of 53 cells (1.2 Ϯ 0.3 bursts/sec; range, 0.6 -2.2 bursts/sec), the bursting stopped after application of the synaptic blockers. There is evidence that ET cells express metabotropic glutamate receptors (mGluRs) (Ohishi et al., 1995; Kinzie et al., 1997; Sahara et al., 2001) . To determine whether mGluRs play a role in bursting, we investigated the effects of mGluR receptor blockers in four ET cells recorded extracellularly and two recorded in whole-cell mode. The group I and II mGluR antagonists (MPEP, 5 M; CPCCOEt, 50 M; LY 341495, 1 M) were added in the presence of CNQX, APV, and gabazine. In all cases, bursting was unaffected by mGluR receptor blockers (control, 1.6 Ϯ 0.2 bursts/sec; antagonists, 1.6 Ϯ 0.2 bursts/sec; p ϭ 0.7).
The lack of effect of the receptor blockers indicates that the generation of rhythmic bursting in ET cells does not depend on synaptic input. However, synaptic activity does modulate spontaneous bursting without changing the mean burst frequency (Fig. 6 A) . The application of synaptic blockers produced a more regular burst oscillation pattern as seen in the autocorrelograms of the spike trains (Fig. 6 B) . The coefficient of autocorrelation increased significantly in the presence of synaptic blockers, from 1.9 Ϯ 0.2 in control aCSF to 2.5 Ϯ 0.3 (n ϭ 32; p Ͻ 0.001) (Fig.  6 B, C) . Moreover, the CV of the interburst intervals was reduced from 0.38 Ϯ 0.04 in control aCSF to 0.29 Ϯ 0.03 (n ϭ 32; p Ͻ 0.001) (Fig. 6 D, E) . Thus, reduction or elimination of fast synaptic input significantly increased the regularity of bursting, suggesting that spontaneous synaptic input causes ET cells to deviate from their regular intrinsic bursting frequency.
Currents underlying spontaneous bursting activity
A recent study by McQuiston and Katz (2001) divided JG cells into two classes on the basis of their responses to intracellular current injections. One class, including ET cells, responded to depolarizing injections with a low-threshold calcium-dependent spike (LTS), which frequently generated a burst of action potentials; the LTS was blocked by 1 mM nickel (Ni 2ϩ ). Therefore, we investigated whether spontaneous bursts in ET cells are triggered by the LTS. Sodium currents were blocked by TTX (1 M) to isolate Ca 2ϩ currents (Fig. 7A) . In all four ET cells tested, intracellular injection of depolarizing current pulses in the presence of TTX generated long-duration spikes (109 Ϯ 3 msec), LTSs (Fig.  7A) . The calcium spikes were all-or-none in nature, and only one calcium spike was generated for each depolarizing pulse from a holding potential of Ϫ60 mV; the threshold for LTS activation was Ϫ38 Ϯ 0.3 mV. Cadmium (100 M) and nickel (1 mM) were applied to block high-and low-threshold calcium channels (Fox et al., 1987) ; this blocked the LTS (Fig. 7A) . These results confirm that ET cells generate calcium spikes that are eliminated by calcium channel blockers.
We next investigated the potential role of the LTS in spontaneous burst generation. We recorded from four ET cells in the presence of synaptic blockers in cell-attached mode to prevent bursting rundown (Fig. 7B) . After the addition of Cd 2ϩ (100 M) and Ni 2ϩ (1 mM), spontaneous bursting persisted, although the frequency of bursting decreased (Fig. 7B) . The duration of each burst was also prolonged by the calcium channel blockers from 85 Ϯ 15 to 222 Ϯ 20 msec (n ϭ 4; p Ͻ 0.001), as shown in Figure 7B , in which the ET cell was recorded initially in cell-attached mode and then switched to whole-cell mode. This suggests that Ca 2ϩ -dependent mechanisms may contribute to burst termination or burst timing. Finally, in the presence of Cd 2ϩ and Ni 2ϩ , positive current pulses failed to evoke an LTS but did evoke a burst of action potentials (Fig. 7C) ; the burst was eliminated by subsequent addition of TTX (1 M). Together, these results indicate that ET cells have a calcium-dependent spike, but this event is not essential for either spontaneous or depolarization-evoked bursting in ET cells.
In many types of neurons, spontaneous bursting is triggered by a persistent sodium current (I NaP ) that is partially available at resting membrane potentials (Azouz et al., 1996; Brumberg et al., 2000; Su et al., 2001) . Thus, we next tested for the presence of I NaP in ET cells recorded in the presence of synaptic blockers (n ϭ 4). For this purpose, we used a voltage-clamp ramp protocol (Del Negro et al., 2002) . Ramps were generated over the voltage interval of Ϫ80 to Ϫ40 mV at speeds sufficiently slow (30 mV/sec) to prevent activation of the rapidly inactivating sodium channels involved in action potential generation (Fig. 8 A) . The inward current revealed by this protocol was completely blocked by 1 M TTX (Fig. 8 A) . The average magnitude of the TTX-sensitive I NaP obtained from four ET cells by subtraction of I-V curves is shown in Figure 8 B. I NaP has a mean activation threshold of approximately Ϫ60 mV, and it increases in amplitude with further membrane depolarization until the membrane potential reaches threshold for spike generation. Therefore, I NaP is active at the voltages that encompass the voltage range of slow membrane depolarizations [i.e., from the resting membrane potential (Ϫ53 mV) up to the threshold for spike generation (Ϫ46 mV)], whereas the calcium spike is only active at voltages higher than Ϫ38 mV. Thus, I NaP is well suited to generate the rhythmic depolarizations associated with bursting.
To further investigate the role of sodium channels in spontaneous burst generation, we next blocked sodium channels of single recorded cells using patch pipettes containing the sodium channel blocker QX-314 (10 mM) (Brumberg et al., 2000) . In four of the seven experiments, synaptic blockers were added to prevent spontaneous EPSPs. Initially, each cell was recorded in cellattached mode for ϳ3-5 min to obviate rundown and establish burst parameters (Fig. 9) . Next, the recording was switched to whole-cell mode to infuse the cell with QX-314. In all seven cells tested, spike bursts as well as the underlying depolarizing envelope were completely abolished within 30 -60 sec (Fig. 9) . The elimination of rhythmic bursting by QX-314 was not attributable to a change in membrane potential, because bursting could not be restored by either depolarizing or hyperpolarizing currents (Fig. 9) . Consistent with the findings of McQuiston and Katz (2001), positive current pulses were still able to evoke an all-ornone LTS (duration, 143 Ϯ 4 msec; threshold, Ϫ35 Ϯ 2 mV) in Figure 7 . Calcium channels are not essential for spontaneous burst generation. A, When sodium channels were blocked by TTX (1 M), intracellular injection of depolarizing current pulse of sufficient amplitude generated an all-or-none calcium spike with a threshold of approximately Ϫ40 mV, and it was blocked by the calcium channel blockers cadmium (100 M) and nickel (1 mM). B, An ET cell was recorded before and during application of calcium channel blockers in cell-attached mode (top two traces) to prevent bursting rundown and immediately after switching to whole-cell mode (bottom trace). The calcium channel blockers cadmium (100 M) and nickel (1 mM) lowered the bursting frequency but did not prevent burst generation. Burst duration was prolonged by the calcium channel blockers (compare bursts in top trace to those in middle and bottom traces). C, In the same cell shown in B, positive current pulses in the presence of cadmium and nickel evoked action potentials (left panel) that were blocked by an additional application of TTX (1 M; right panel). No calcium spikes were observed in the presence of TTX or the calcium channel blockers. All recordings in this figure were made in the presence of synaptic blockers. Figure 8 . Evidence for a persistent sodium current in ET cells. A, Voltage-clamp ramps were performed from Ϫ80 to Ϫ40 mV at a speed of 30 mV/sec in control and during application of TTX (1 M). The sodium current generated using this protocol was calculated by subtracting the current-voltage curves in both conditions. B, As shown by the average from four cells, sodium current is activated at holding potentials more positive than Ϫ60 mV. All recordings in this figure were performed from spontaneously bursting ET cells in the presence of synaptic blockers. Figure 9 . Sodium channels are essential for spontaneous burst generation. A bursting cell was initially recorded in cell-attached mode in the presence of synaptic blockers. Subsequent current-clamp recording in whole-cell mode with a pipette filled with QX-314 (10 mM) showed that bursting and membrane oscillations disappeared progressively after membrane rupture and intracellular dialysis with QX-314. Right traces show selected recordings 60 sec after switching to whole-cell mode (top trace break). Rhythmic membrane depolarizations and bursting could not be restored by steady intracellular injection of positive or negative current.
the presence of intracellular QX-314 (data not shown); the LTS was eliminated by the addition of the calcium channel blockers Cd 2ϩ (100 M) and Ni 2ϩ (1 mM). Thus, blockade of the sodium channels eliminates the depolarizing envelope that generates spontaneous bursting, even though the calcium spike is still present. Together, these results indicate that spontaneous bursting in ET cells requires the I NaP but not the LTS.
ET cell bursts are entrained by patterned ON input
The present results indicate that ET cells have spontaneous burst frequencies ranging from 0.5 to 9 Hz. This bursting range overlaps substantially with the theta frequency band prominent in olfactory-limbic neural activity (Adrian, 1950; Eeckman and Freeman, 1990; Kay and Laurent, 1999; Kay, 2003) , including the 5-10 Hz rhythmic sniffing pattern rodents use when investigating novel odors (Welker, 1964; Komisaruk, 1970; Uchida and Mainen, 2003) . Single ON stimuli uniformly elicited a short latency EPSC in ET cells. Thus, we wondered how ET cells would respond to repetitive ON input that simulates the patterned input they receive during rhythmical sniffing? Because each ET cell has its own resting burst frequency, a given ET cell might only be entrained by repetitive ON stimulation at or close to its resting burst frequency. In this case, each cell would be tuned to inputs over a limited range of sniff frequencies. Alternatively, ET cells might be able to follow repetitive ON stimulation over a broad frequency range, in which case the population of ET cells would be entrained by repetitive inputs spanning the range of rhythmical sniffing.
To investigate entrainment, we examined the responses of seven ET cells to trains of 10 ON stimuli delivered at three frequencies within the theta range: 5, 8, and 10 Hz (Fig. 10) . At all frequencies, there was a decrement in burst amplitude from the first to the second stimulus. This is to be expected because of the fact that ON terminals are subject to presynaptic inhibition following a single ON stimulus (Aroniadou-Anderjaska et al., 2000; Ennis et al., 2001 ). Notwithstanding this paired-pulse decrement, the ET cell bursts were readily entrained to 5 Hz ON stimuli. There was a small, progressive reduction in burst amplitude but after 10 stimuli, the burst amplitude was still ϳ70% of the control response.
A reduction in integrated burst amplitude could be caused by a decrease in the number of spikes per burst, by an increase in the number of trials in which the burst was not evoked (i.e., failures), or by both. As shown in Figure 10 , there was only a small incidence of burst failures at 5 Hz stimulation, indicating that the reduction in burst amplitude was primarily attributable to a decrease in the number of spikes per burst over the course of the 10 stimuli. ET cell bursts were also entrained to 8 and 10 Hz stimuli, with burst amplitudes maximally reduced to ϳ40 and 25% of the initial amplitude, respectively, by the end of the stimulus train. At these higher frequencies, there was an increased incidence of burst failures as well as reduction in the number of spikes per burst. There was no clear relationship between the spontaneous burst frequency of the cell and its ability to be entrained by repetitive ON input (n ϭ 7; p Ͼ 0.3; linear regression fit of the relationship between the success rate of evoking a burst by the end of a stimulus train and the spontaneous burst frequency of the cell). These results indicate that repetitive sensory input is capable of entraining ET cells across a range of frequencies characteristic of rodent investigative sniffing.
Discussion
The present study demonstrates that each glomerulus contains a population of morphologically distinct, rhythmically bursting neurons: the ET cells. Spontaneous rhythmic bursting in ET cells is generated by I NaP , which is active at resting membrane potential. Rhythmic bursting occurs at frequencies overlapping the theta frequency band characteristic of sniffing in rodents. ET cells receive ON input, and ET cell spike bursts readily entrain to patterned ON input delivered at theta frequencies. An important physiological function of the glomerular ET cell network may be to synchronize glomerular activity during sniffing.
Morphology of ET cells
The morphology of ET cells observed in the present study is consistent with classical neuroanatomical studies (Pinching and Powell, 1971a,b; Macrides and Schneider, 1982) . The cell bodies are situated in the deep half of the glomerular layer, and the vast majority have a single apical dendrite that ramifies extensively throughout most (ϳ80%) of its target glomerulus, similar to the pattern for mitral cell apical dendrites. Dendritic spines were sparsely present in 29% of ET cells, in agreement with recent observations by McQuiston and Katz (2001) that some ET cells have spines. Consistent with previous studies (Macrides and Schneider, 1982) , only 37% of the ET cells exhibited secondary dendrites. Because the slice preparation cuts the dendrites of some cells, our data may underestimate the numbers of ET cells that extend secondary dendrites into the EPL. Despite this potential limitation, however, 63% of the filled ET had visible axons, which coursed toward or entered the EPL. The synaptic targets of these extraglomerular axons are unknown but are important to Note that the ET cell spike bursts were synchronized to the ON stimuli at all frequencies. At higher frequencies (8 and 10 Hz), bursts occasionally failed to be evoked toward the end of the train. Each PSTH contains activity accumulated over 150 consecutive trains delivered at intervals of 10 sec (bin width, 1 msec). B, Grouped data from seven ET cells (mean spontaneous frequency, 3.6 Ϯ 0.7 bursts/sec; range, 1.6 -6.4 bursts/sec). The amplitude of the ON-evoked response was measured by integrating the PSTH for 50 msec after each of the 10 ON stimuli. The response to each stimulus is expressed as a percentage of the response to the first stimulus in the train. A gradual decrement occurred in response to the 10 stimuli, which increased with the frequency of the train. C, Grouped data from the same seven cells analyzed in B showing the success rate of ON stimuli in evoking a burst for each stimulus in the train. Note that although ET cells responded faithfully to ON stimulation with an all-or-none burst, the probability of failure to evoke bursts increased with increasing stimulus frequency. The observation that the success rate is higher than the integrated spike rate at all frequencies (compare the lower 2 graphs) indicates that the strength of the evoked bursts (i.e., the number of spikes per burst) was reduced after repetitive stimulation.
determine, because ET cells may provide a burst input to extraglomerular targets in the bulb and possibly beyond.
ET cells burst rhythmically
The most distinctive physiological feature of ET cells is their spontaneous rhythmical bursting. Glomerular layer cells with burst characteristics have been reported in vivo (Getchell and Shepherd, 1975; Wellis and Scott, 1990) . However, because of the difficulty of recording small JG neurons in vivo, the identity of these cells and the basis of their bursting behavior remained unknown. The rhythmical burst-firing mode was characteristic of morphologically confirmed ET neurons. In contrast, PG and SA cells do not spontaneously generate spike bursts nor can they be induced to do so by intracellular current injections. Each ET cell bursts at its own characteristic frequency. As a population, ET cell burst frequencies range from ϳ1 to 8 Hz, with a mean of 3.3 Ϯ 0.18 bursts/sec. This range overlaps with the theta frequency range prominent in oscillatory neural activity in the rodent olfactory network. The theta range includes components related to low frequency (1-3 Hz) "passive" sniffing as well as a higher frequency component (5-10 Hz) characteristic of active investigative sniffing (Adrian, 1950; Welker, 1964; Eeckman and Freeman, 1990; Kay and Laurent, 1999; Kay, 2003; Uchida and Mainen, 2003) .
Several lines of evidence indicate that bursting is an intrinsic property of ET cells. First, bursting deteriorates rapidly after establishment of whole-cell recording mode. This pronounced rundown of bursting may explain the low reported incidence of spontaneous bursting in JG cells in previous whole-cell recording studies (Bardoni et al., 1995; Belluzzi, 1996, 1998; McQuiston and Katz, 2001 ). The rundown of bursting could be attributable to intracellular dialysis of an intracellular messenger important to maintain spontaneous activity (Alreja and Aghajanian, 1995) . Additional evidence in support of the intrinsic mechanism for bursting is the findings that: (1) burst frequency is voltage dependent and (2) bursting persists in blockers of ionotropic and metabotropic glutamate receptors and GABA A receptors. This eliminates the possibility that bursting is driven by glutamatergic input from the ON, glutamatergic dendrodendritic interactions among ET cells or mitral cells, or by disinhibition (Aroniadou-Anderjaska et al., 1999; Isaacson, 1999; Carlson et al., 2000; Freidman and Strowbridge, 2000; Schoppa and Westbrook, 2001; Salin et al., 2001) . Moreover, spontaneous bursting was not blocked by Cd 2ϩ , which suppresses Ca 2ϩ -dependent neurotransmitter release, ruling out the potential involvement of other neurotransmitters.
Mechanism of spontaneous burst generation
In agreement with McQuiston and Katz (2001) , we found that depolarizing current injections evoke low-threshold Ca 2ϩ spikes in ET cells. This suggested that the LTS may generate ET cell bursting. However, this is unlikely for several reasons. First, the present results show that the LTS is eliminated by the calcium channel blockers Cd 2ϩ (100 M) and Ni 2ϩ (1 mM), confirming the finding of McQuiston and Katz (2001) . However, bursting persisted in the same cells after the LTS was blocked. Second, ET cell bursting was abolished by extracellular TTX or by intracellular QX-314, whereas the LTS persisted. Third, the activation threshold of the LTS (Ϫ38 mV) was ϳ15 mV more depolarized than the membrane potentials from which bursting arises, on average Ϫ53 mV. Calcium may modulate bursting, because calcium channel blockers prolonged burst duration. Calcium channel blockers also increased the interburst interval, but this could be because of a charge screening effect resulting from the concentration of Ni 2ϩ used (1 mM), which shifts activation of I NaP to more positive potentials (Su et al., 2001) . ET cells have a hyperpolarization-activated cation conductance (Ih) that is prominent at resting membrane potentials (our unpublished observations). Ih participates in burst timing and rhythmicity (DiFrancesco, 1993; Lüthi and McCormick, 1998; Pape, 1996) and is modulated by calcium. Thus, Ih and calcium may play a role in burst termination and setting the interburst interval, but this requires additional study.
Rhythmic bursting, but not the LTS, was blocked by extracellular TTX and by intracellular dialysis with QX-314. These results suggest that, as for many neocortical neurons (Brumberg et al., 2000) , burst generation in ET cells requires slowly inactivating sodium channels (i.e., I NaP ). Indeed, all ET cells tested had a prominent TTX-sensitive, persistent inward current. The characteristics of this current are well suited to trigger spontaneous bursting in ET cells. The inward current activates at approximately Ϫ60 mV, slightly hyperpolarized to the mean ET cell resting potential (Ϫ53 mV). It is reasonable to conjecture that as this I NaP slowly depolarizes the ET cell membrane, additional sodium channels are activated, further depolarizing the membrane to the threshold for action potential generation (Ϫ46 mV). The current maintains a level of depolarization sufficient to generate additional action potentials until another mechanism(s), possibly involving calcium (see above), terminates the burst by transiently hyperpolarizing the membrane below the activation threshold for I NaP . As the membrane repolarizes, I NaP is re-engaged, and the burst cycle is repeated.
Functional implications of bursting
All ET cells generated a short latency EPSC and burst of spikes in response to single ON stimuli. The present results show that ET cells, regardless of their intrinsic spontaneous bursting frequencies, can be entrained by repetitive 5-10 Hz ON input. Thus, sensory input can override the intrinsic burst frequency of ET cells. However, it is interesting to note that bursting was found to be relatively stronger (more spikes per burst) at hyperpolarized membrane potentials and less regular in cells with low bursting frequencies. The increase in burst strength at hyperpolarized potentials could be because of the involvement of Ih current or de-inactivation of low-thresholdactivated Ca ϩ2 currents in addition to the activation of I NaP . The irregularity in bursting in cells with low burst frequencies could be attributable to the spontaneous EPSPs, which might play a more prominent role in regulating the interburst time intervals in slower cells. Therefore, EPSPs evoked by ON terminals will serve to reset the bursting in ET cells, which subsequently become entrained by the rhythm imposed by the pattern of sensory input.
What might be the functional consequence of such entrainment? Because of their bursting properties, ET cells may amplify sensory input onto the glomerular network in the sense that a single ON volley is transformed into a burst of spikes. Such amplification, combined with entrainment of the ensemble of ET cells of the same glomerulus may function to synchronize the glomerular network, including mitral cells, to sensory input, which is itself tuned to the sniffing of the animal.
Further understanding of the functional significance of ET cell bursting and sensory entrainment will require the identification of neurons that are synaptically targeted by ET cells. The literature offers little guidance on this matter. Electron microscopic studies indicate that dendrites from either mitral or tufted cells, or both, are presynaptic to the dendrites of PG and SA cells within the glomerular neuropil (Pinching and Powell, 1971a) . However, because the dendrites of mitral and tufted cells cannot be distin-guished at the electron microscopic level, it is not possible to infer the identity of intraglomerular synaptic targets specifically of ET cells. The majority of ET cells send an axon out of the glomerular layer into deeper layers and possibly beyond. The identification of these extraglomerular targets of ET cells is also an important matter for investigation.
In conclusion, the present findings suggest that the ET cells, which are located at the first site of synaptic processing in the olfactory system, comprise a significant population of neurons that spontaneously generate rhythmic spike bursts at frequencies associated with rodent sniffing. Through synaptic interactions with other JG cells, ET cells may form an intrinsic oscillatory network that is tuned to natural rhythmic, sensory input. Simultaneous entrainment of spike bursts among ET cells associated with the same glomerulus could function to synchronize glomerular activity and preserve or perhaps enhance the fidelity of the specific odorant profile projected onto each glomerulus by receptor neurons.
